Materials and Methods 116
Bacterial strains, media, and biochemicals. The strains and plasmids used in this study are 117 listed in Table 1 . RAM1343 and RAM1344 were constructed by P1 transduction of 118 RAM1292 with a phage lysate made from CAG5052 (btuB::Tn10) and AD202 (ompT: CTCCTTAG-3') (12). Strains were routinely grown at 37°C in Luria broth (LB) or on agar 128 (LBA). Antibiotics were added to the growth media at the following final concentrations: 129 ampicillin (Ap), 50 µg/ml; chloramphenicol (Cm), 12.5 µg/ml; kanamycin (Km), 25 µg/ml. 130 broth to an OD 600 of 0.4 and induced with 0.4 mM IPTG for 3h at 37°C. The cells were 166 collected by centrifugation and stored at -80°C. The cell pellet was resuspended in binding 167 buffer (20 mM sodium phosphate buffer, 300 mM NaCl, 10 mM imidazole, pH 7.4). The 168 mixture was passed through a French press and centrifuged at 8,000 × g for 30 min at 4°C to 169 pellet unbroken cells and cellular debris. The supernatant containing soluble proteins was 170 clarified by ultracentrifugation (40,000 × g, 20 min, 4°C) and passed through a 0.22 µm filter. 171
The resulting lysate was loaded onto a 5 ml HiTrap Chelating column charged with Ni The bands corresponding to the full-size and the processed ColE1 were excised and their N-192 terminal sequences were determined by Edman Degradation on a Porton 2090 E gas-phase 193 protein sequencer (Beckman). 194 was filtered through 0.22 µm (pore-size) syringe filters and was used to examine hemolytic 216 activities on blood agar plates. 217
In vivo cross-linking and copurification. In vivo cross-linking experiments were performed 219 using E. coli RAM1130. Wild type TolC and mutants were expressed from the recombinant 220 plasmid pTrc-TolC(6His) or one of its derivatives. All TolC proteins were C-terminally six-221 histidine tagged and used as a bait to isolate protein complexes. 100 ml cell cultures were 222 grown in LB broth to an OD 600 of 0.3 and induced with 0.4 mM IPTG for 3h at 37°C. The 223 pellets were washed and concentrated 10-fold in 20 mM sodium phosphate buffer (pH 7.4). 224
Cells were incubated for 10 min at 37°C in the presence of 1 ml ColE1 stock solution. Freshly 225 prepared dithiobis(succinimidylpropionate) (DSP) cross-linker was then added to a final 226 concentration of 0.5 mM, and cells were incubated for 30 min at 37°C with shaking. After 227 quenching with 40 mM Tris, cells were harvested, resuspended in lysis buffer, and lysed by 228
French press. The total membranes were collected by centrifugation and solubilized in 229 PUTTS buffer (100 mM NaH 2 PO 4 , 8 M urea, 10 mM Tris-HCl, 1% Triton X-100, 0.2% 230 sarkosyl, pH 7.5) containing 5 mM imidazole. Protein complexes were purified as described 231 previously (25) by affinity chromatography with increasing concentration of imidazole. The 232 eluted proteins were treated with sample buffer containing β-mercaptoethanol and boiled to 233 cleave the DSP molecule, and then resolved by SDS-PAGE and immunoblotted with 234 antibodies raised against TolC and ColE1. 235 236 Western blot analysis. Whole cell extracts were analyzed on SDS-polyacrylamide 11% mini 237 gels and transferred onto PVDF membranes. Membranes were probed with primary antibodies 238 raised against TolC (1:5000) or ColE1 (1:2500). Goat anti-rabbit alkaline phosphatase-239 conjugated immunoglobulin G secondary antibodies and a chemiluminescence kit 240 (Amersham) were used for detection. For histidine-tag detection, membranes were probed 241 with a 1:5000 dilution of HisProbe™-HRP (Pierce) according to the manufacturer's 242 instructions. Protein levels were quantified with Quantity One software (Bio-Rad). 243 
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Results 244
BtuB-bound ColE1 is cleaved by the outer membrane protease OmpT. During the course 245 of investigating the cell entry mechanism of ColE1, we observed that ColE1 was cleaved into 246 a smaller product when incubated with the E. coli MC4100 ∆ara strain. ColE1 fragments 247
were identified in whole cell extracts by SDS-PAGE followed by immunoblotting with ColE1 248 antibodies. Specifically, the 57-kDa full-length ColE1 was converted into a 49-kDa fragment 249 (ColE1*; Fig. 1A ). ColE1 reaches the inner membrane of target cells by utilizing a number of 250 envelope proteins. These include outer membrane receptors BtuB and TolC, and the inner 251 membrane energy transducer TolA. We examined the effect of btuB and tolC null mutations 252 on the cleavage of ColE1. Results showed that ColE1 was cleaved in wild-type and tolC 253 mutant cells but not in btuB mutant cells (Fig. 1A , Fig. 2A lanes 6-7) . Together with time 254 course analysis, the data indicated that the cleavage of ColE1 occurred early upon binding to 255 BtuB (within the first minute), but before binding to TolC. 256 It is worth noting that a significant amount of unprocessed ColE1 was pulled down with the 257 btuB mutant cells (Fig. 1A lanes 3-4) . We believe this represents BtuB-independent non-258 specific binding that does not culminate in ColE1 proteolytic cleavage. To determine whether 259
ColE1 was non-specifically binding to LPS or to major outer membrane porins (OMPs), rfa, 260 ompF and ompC mutations were introduced into RAM1343 (btuB: To further characterize this event and binding specificity, we tested the cleavage of cell-bound 275
ColE1 under various external conditions. It has been proposed that electrostatic interactions 276 would initially guide the colicin over large distances to its cognate receptor in the outer 277 membrane (50). All experiments described above were performed at 37°C in HEPES buffer 278 without any additional NaCl. The majority of the colicin was present in the form of the 49-279 kDa cleaved fragment. However, as the salt concentration increased from 0mM to 250 mM 280 NaCl, levels of ColE1* dropped from 80% to 15% (Fig. 2B ). Since the proteolytic activity of 281
OmpT is not affected under high saline conditions (8), the observed decrease in ColE1 282 cleavage could be attributed to a decrease in specific binding to BtuB. Incubation at low 283 temperature (4°C) also inhibited BtuB-dependent ColE1 binding and resulted in decreased 284
ColE1 cleavage ( Fig. 2A) of cell-free supernatants on agar plates seeded with the sensitive strain E. coli MC4100. 320
ColE1 incubated with a suspension of the OmpT + strain MC4100 ∆ara (RAM1292) was 32-321 to 64-fold less active than the untreated ColE1 (Fig. 4A) . However, we could not differentiate 322 whether this drop in biological activity represented ColE1 adsorption to the cells, proteolysis 323 of ColE1, or both. Incubation of ColE1 with an ompT null mutant (RAM1344) did not 324 significantly lower its ability to kill target cells, ruling out that ColE1 had adsorbed to the 325 outer membrane (Fig. 4A ). Similar results were obtained when ColE1 was pre-treated with a 326 btuB null mutant (Fig. 4A ). To confirm that the phenotype conferred by the disruption of 327 ompT could be complemented, a plasmid expressing ompT (pTrc-OmpT) was introduced into 328 RAM1344. Expression of ompT was induced with IPTG prior to the incubation with ColE1. 329
High-level production of OmpT further inactivated ColE1, as evidenced by the appearance of 330 only diffused killing zones in the lawn of sensitive cells (Fig. 4A) . 331
The cleavage status of ColE1 in the extracellular medium after incubation with cells was 332 analyzed by Western-blot. Almost all the ColE1 was cleaved when incubated with the strain 333 RAM1344 (pTrc-OmpT), which expresses high levels of OmpT, while it remained intact 334 when incubated with the ompT null mutant RAM1344 (Fig. 4B, lanes 3 and 4) . An 335 intermediate amount (approximately 65%) of ColE1 was cleaved when incubated with the 336 parental strain RAM1292 (Fig. 4B, lane 2) . Together, these results indicate that deletion of the 337 N-terminal fragment of ColE1 by OmpT correlates with the inactivation of ColE1. 338
The previous observation that OmpT cleaves colicins A, E1, E2 and E3 (8) raised the 339 possibility that this may be a general defensive mechanism in colicin-sensitive bacteria. We 340 therefore performed the same experiments on ColE2, an enzymatic colicin with a different 341 tolC gene from six of these mutants indicated the presence of a single missense mutation 381 resulting in a G43D or S257P substitution. These two substitutions were located in the 382 transmembrane channel domain of TolC (Fig. 5) . 383
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Results showed that strains expressing mutant TolC (G43D or S257P) had a ColE1 titer 384 approximately 100-to 1,000-fold lower compared to that expressing wild-type TolC. TolC 385 levels were quantified from total membranes by Western blot analysis. Both mutants 386 produced TolC at levels similar to that of the strain expressing wild-type protein (Table 2) . 387
These results indicated that the reduced ColE1 sensitivity was not due to a decrease in TolC 388 protein level. In fact, cells will not become resistant to ColE1 until TolC expression from a 389 plasmid drops below 25% of the chromosomal level (43). None of the mutants showed 390 hypersensitivity toward novobiocin, which was expected since the isolation strategy 391 Without in vivo cross-linking, only a small amount of ColE1 was co-purified with TolC (Fig.  416 6, lane 1). With DSP, a significantly elevated amount of cross-linked TolC and ColE1 was 417 clearly isolated (Fig. 6, lane 2) . However, ColE1 failed to recruit TolC when BtuB was absent 418 (Fig. 6, lane 3) . Our data provide strong evidence that TolC interacts with ColE1, and that 419 secondary binding of ColE1 to TolC is dependent on its primary binding to BtuB. 420
As described previously, the Q281P substitution confers resistance to both phage TLS and 421 ColE1, without affecting TolC's efflux or secretion activity (20). In contrast, the G43D 422 substitution was shown to confer specific resistance to ColE1. The G43 residue in TolC was 423 
